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inches 0.0254 emers

miles (U.S. nautcal) 1.852 Idomlers

miles (U.S. sretut) 1.600347 kilomrs

pounds (mass) 453.5924 groms
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Summary

Scientists and engineers have made considerable progress in measurement
and prediction of the fate of materials moving in coastal and ocean waters.
The U.S. Army Corps of Engineers has participated in these advances and is
applying the results to better manage materials dredged from our nation's
waterways. Growing concern over environmental degradation and the impor-
tance of conserving coastal resources demands continued improvement in
understanding coastal circulation systems and the impacts of dredging. Com-
prehensive management strives to increase the beneficial uses of the dredged
materiaL Choosing the best use often requires understanding the long-term
fate of material moving in the open ocean. Some recently developed tools that
help expand understanding of sediment fate include improved monitoring guid-
anee, better wave and current sensors, physical models, and numerical simula-
tions. Electromagnetic and doppler current meters, as well as acoustic and
optical sediment concentration meters, are examples of sophisticated new field
equipment that helps fill data needs. Unfortunately, there are still many areas
around the country where basic data are inadequate to properly assess risks and
opportunities associated with the use of dredged material.

With greater public involvement in environmental issues, an opportunity
also exists to collect more data at the low end of the technology spectrum.
Voluntary return of inexpensive drogues, released repeatedly in large numbers,
helps map current patterns. Current-following drogues termed "seabed
drifters" (SBD's) have been used in oceanographic studies worldwide for
decades. The purpose of this report is to investigate how SBD results might
be better interpreted in terms of the likely fate of materials moving with
coastal waters. Use of SBD's can not only help schedule and locate dredged
material disposal at sites that increase secondary benefits, but also could help
position ocean outfalls, identify coastal mixing scales, reduce the potential for
damaging toxic spills, confirm hydrodynamic models, and clarify the impact of
different engineering alternatives on plankton distributions.

The usefulness of SBD data can be increased by designing the SBD release
plan to fit the physical processes relevant for specific problems. This report
provides the methodology. An overview covers all the potentially important
transport mechanisms. Simple parametric models are described for estimating
which mechanisms are likely to dominate in different coastal areas. The

x



uermantding of the dominant processes provided will help guide the SBD
reles plun

In addition, new techniques are given for understanding SBD recovery
patterns. Separation of different scales of motion indicates which analysis
procedures are most apropriate (e.g., different sample stratifications and tem-
poral smoothing). Procedures ae established for resolving a deterministic and
A random component of flow from the dispersion of bundles of SBD's. The
relative importnce of mea and random components can vary widely and is
valuable for explaining transport variations and the likely spread of material
from different areas and at different times. The analysis techniques are illus-
trated using extensive data collected from one area in the Gulf of Mexico and
another on the East Coast. Conclusions are validated by comparing these SBD
interpretations with other measurements and model results.

The guidance presented in this report should increase the usefulness of data
obtained using standard SBD's. Recommendations are also given to improve
SBD's particularly for the study of coastal sediment movements.
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1 Introduction

Background

For many years engineers and scientists have been searching for an effec-
tive, relatively inexpensive means of determining the fate of materials placed
in the coastal and offshore environment. With the growing concern about
environmental degradation related to man's activities and the increased recog-
nition of the importance of the coastal and offshore region to global-scale eco-
systems, the need for improved information in these areas has become vital.
Many tools for predicting the fate of materials have evolved through the years.
These include sophisticated instrumentation, numerical models, and long-term
databases. All of these tools can play a role in the assessment of potential
problems related to the placement of materials offshore; however, in many
areas around the United States, sufficient information required to evaluate
possible hazards clearly and quantitatively still does not exist. To meet one
aspect of this need, researchers have been using various types of in situ drifters
to follow the motions of the near-bottom water column. In particular, current-
following drogues termed "seabed drifters" (SBD's) have been used exten-
sively to gather data on bottom water motions. Table 1 shows a list of a
number of such studies that have been conducted around the world (Hands
1987).

Purpose

The purpose of this report is to investigate how data obtained from routine
SBD recoveries might be interpreted and understood in a fashion that leads to
an improved assessments of the fate of materials in the open ocean. Such
information is valuable for guidance pertaining to:

a. The location of outfall sites.

b. The fate of dredged materials.
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c. De a k• grelated to offsho contaminmts (oil splIs, toxic
waste etc.).

d~Understanding and modelling transpolt and mixing processes in coastal
and offsho areas.

e. Confinration of hydrodynamic models.

Previously, information on SBD recovery patterns has been used primarily in a
"stand-alone" fashion to derive empirical estimates of the eventual spatial
dispe io of SBD's released from one or several stations. Ths report will
show that the understanding of SBD recovery data can be enhanced by view-
mng the data within the context of the relevant physical processes and by
including information from simjf parametric models of the dominant pro-
cesses. Tbe principal data set which will be examined in this study is based
on SBD releases made off the Alabama coast in the vicinity of several recently
constructed, dredged material berms (Figure 1). Hands and Bradley (1990)
discussed recovery data from the first 9 release episodes. Releases continue
periodically at this National Berm Demonstration site and the SBD recovery
information now seems reasonably complete for the frst 19 release episodes.
These eMurns, covering a two-year period, will be used to illustrate methods of
inteipreting SBD results. While site-specific analyses of processes, scales of
processes, and available data focus on the Mobile Bay area, an attempt will be
made to remain as general as possible.

Organization of Report

Several processes may be operative in the offshore and coastal area and act
as forcing functions for the observed SBD motions. In general, only the loca-
tions of the initial release site and the recovery site are known, and nothing is
usually noted of the actual path taken by an SBD between the two locations.
Consequently, the analysis should concentrate on processes at the spatial and
temporal scales represented in the recovery data. Since recoveries from most
experiments demonstrate motions on the scale of miles and days, consideration
of microscale, convective-scale, and mesoscale phenomena is needed only to
the extent that they contribute to a net circulation; however, their effect is
captured as a scatter in data. A measure of this apparently random component
of motion will be defined to quantify the magnitude of the net effects of the
smaller scale processes.

In order to address the several processes that may be moving the SBD's,
this report is organized as follows:

a. Chapter 2- Description of the generalized processes which might
influence SBD motions, including a scale analysis of the expected mag-
nitudes of projected motions.

4 Chapmr I Inducian
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b. Chapter 3 - Results of some simple modelling to quantify die
dominant pmcessm at intervals following the rleases.

c. Chapter 4 - Analysis of the SBD data using tempora and spatial strati-
fication to clarify certain process-response relationships.

d. Chapter 5 - Identification and quantification of random and determinis-
tic components in the SBD patterns and their relationship to appropriate
drvig formes.

e. Chapter 6- Discussion and conclusion sections which address the
maor fidings.

Appendix A, contained in this volume, gives a theoretical basis for the
equation used to estimate coastal currents driven by open coast waves. Appen-
dix B, also contained in this volume, is a listing of symbols and abbreviations
used in the report. Appendices C dtrough E am contained in a separate vol-
ume, which may be obtained from the U.S. Army Engineer Waterways Experi-
ment Station or the National Technical Information Service. Appendices C
and D contain time series of hindcast waves and currents, and Appendix E
shows graphical reprsentations of smoothed recovery patterns. Appendix F
shows the graphic results of a contingency analysis of relative wind and wave
effects on SBD displacement for each of the 19 episodes.

Chapw I In-odumcon



2 Analysis of Processes
Affecting SBD Motions

Before beginning the treatment of various processes that can affect
synoptic-scale and large-scale motions of the SBD's (i.e., process scales in
miles and days consistent with the recovery patterns), it is instnrctive to exam-
ine the local forces on the SBD's. Figure 2 shows a typical SBD, along with a
diagram of the forces acting on it. Also shown is a "blowup" diagram of sedi-
meat particles and the relevant forces. Since weights can be added to or sub-
tracted from the SBD, the specific weight of the SBD can be made to match
that of a sediment particle; therefore, buoyancy and related effects could be
made comparable. However, two fundamental differences are immediately
apparent in Figure 2. First, the surface area of the cap of the SBD is about
three orders of magnitude greater than that of a sediment particle; therefore,
the total drag acting on the SBD is certainly much greater than that acting on a
single sediment particle. Second, and probably more important, the domiant
forces acting on the SBD are expected to be located at its region of maximum
surface area, which is located about 0.5 m above the bottom. For sediment
particles, the dominant forces would be located at the 0.005-m level, assuming
even alarge" 1-cm particle. Thus, the forces acting on the SBD are primarily
outside the bottom boundary layer, whereas, the forces acting on a sediment
particle occur within the bottom boundary layer. In particular, the vertical
velocities and accelerations should be markedly different bttween the two
levels. At the 0.5-m level, wave motions should still contain a significant
vertical component; whereas, at the 0.005-m level these motions should be
entirely negligible. Hence, the ratio of restraining drag (which is located only
at the small bottom of the stem of the SBD) to the forcing drag should be
extremely different between the SBD and sediment motions. For this reason.
the motions of the SBD's, as cumrently designed, should probably be regarded
as more indicative of motions of materials suspended in the near-bottom water
column than of actual bottom materials. Hands and Sollltt (in preparation)
discuss adjusting the weight of the ballast on the SBD stem so that the SBD
does not begin moving until currents are intense enough to suspend specific
grain sizes.

7
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Figure 2. Differences in scales and forces on a Woodhead SBD and a sand
grain

Description of Processes

In general, the six types of processes that can be found to force the
motions of SBD's in coastal areas are:

a. Gravity-driven flows in two-layer systems.

b. Riverflows.

c. Waves.

d. Astronomical tides.

e. Wind-driven currents.

f Large-scale ocean circulation patterns.

According to Pape and Garvine (1982), even in partially-mixed estuaries
the role of a gravity-driven flow can be very important in controlling the
motions of near-bottom water. This type of flow tends to take near-bottom
water from offshore areas and bring it into large bays. In Figure 3, Pape and
Garvine show that this flow pattern is well established in the Delaware Bay
area, with SBD released offshore ending up in the Bay. Apparent trajectories
extend from the release sites (numbered points) to the recovery sites.

8 Chapter 2 Analysis of Processes Affecting SBD Motions
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Figure 3. Apparent trajectories of SBD's in November in Delaware Bay
region (Pape and Garvine 1982)

Inside estuaries the effects of riverflows can be important. Consideration
of mass fluxes shows that the velocities will tend to be highest in the more
constricted portions of the estuaries and will become lower as the cross-
sectional area available to accommodate the flow becomes larger. Once
beyond the mouth of the bay or inlet into the offshore region, the available

Chapter 2 Analysis of Processes Affecting SBD Motions 9
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Figure 4. Schematic diagram of river-driven currents in coastal areas

cross-sectional area should scale in proportion to the radial distance outward
from the mouth as seen in Figure 4. Thus, the water motions in offshore
areas which are driven by riverflows are in general expected to be small. The
formation of "jets" can sometimes extend significant flow velocities well
offshore, but these high Velocities are typically restricted to surface waters and
do not extend into the near-bottom water column.

Wind-generated surface waves have long been recognized as playing a
major role in the transport and dispersion of materials in the coastal and off-
shore environments. Outside the surf zone the near-bottom orbital velocities
are important for initiating motions of bottom materials. In instances where
the mean currents are not sufficiently strong to exceed the threshold for
initiating motion, waves can nevertheless induce a significant transport of
materials. The actual mean current generated by the waves themselves, the
so-called mass transport velocity, is typically about two orders of magnitude
lower than the orbital velocities, since it relates to a higher-order nonlinear
interaction with the bottom boundary layer. Once waves begin to break close
to the coast, they begin to contribute to large net motions via a radiation stress
mechanism. This effect leads to wave setup and longshore currents inside the
surf zone. Figure 5 diagrams mass transport and longshore currents for a
hypothetical coastal area.

Astronomical tides drive large currents under certain conditions. Because
tides are governed by "longwave" equations, tidal currents extend into the
near-bottom and can create significant velocities in that region. In general,
however, the highest tidally-driven velocities occur in restricted passes joining
bays, sounds, and large estuaries to the ocean, as can be seen by examining
the tidal current vectors for the Mississippi Sound area shown in Figure 6.

10 Chapter 2 Analysis of Processes Affecting SBD Motions
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Figure 5. Schematic diagram of two types of wave-driven currents in
coastal areas

Wind-driven currents can represent an extremely complicated process in
areas where there is significant thermal or salinity stratification. In most near-
coastal areas, however, the higher velocities (which are most likely the veloci-
ties considered important for material transports and dispersion) are related to
wind events that force the entire water column to be mixed down to depths of
30 to 40 m. Hence, predicting the fate of materials in the coastal environment
is sometimes possible using a fairly simple, single-layer model. As shown by
Murray (1975) via theoretical and empirical means, these wind-driven coastal
currents tend to flow parallel to the coast in almost a slab-like fashion
(Figure 7).

On a global scale, physical processes are driven by differences in water
temperatures and salinities. These density-driven currents attain a quasi-
balance with Coriolis accelerations and can create large regions of high
currents, such as the Gulfstream and Humboldt Currents. In Figure 8, which
presents a cross-sectional diagram of currents for a transect across the Gulf of
Mexico, these large-scale currents tend to be largest in organized "jets" that
may be thousands of feet thick and have current maxima located well off the
coast (typically 40 to 100 miles from shore).

Chapter 2 Analysis of Processes Affecting SBD Motions 11
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Figure 8. Velocity profile for a section across the Gulf of Mexico from the Florida
panhandle to Yucatan (Hofmann and Worley 1986)
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Scales of Processes

Because the scales of physical processes are site-specific, attention in this
section is directed to processes in the Gulf of Mexico where coastal SBD data
are most extensive.

Gravity-driven two4ayer flows

As noted in Figure 3, the flow pattern associated with the type of two-layer
flow found in some areas can extend 30 kilometers offshore or more. From
the study by Pape and Garvine (1982), typical near-bottom, ocean velocity
scales are of the order of 10 cm/sec.

Riverflows

Inside large estuaries, the cross-sectional area is usually sufficient to reduce
fluvially-driven velocities to only a small percentage of their values in strictly
riverine areas. Typical near-bottom velocities inside the estuary are on the
order of 1-5 cm/sec. Once offshore, the near-bottom flows due to river
forcing are typically less than 1 cm/sec. In the area off Mobile Bay, it is
expected that near-bottom currents due to riverflows should be negligible.
Inside Mobile Bay, currents during periods of major flooding may become of
some significance but probably do not contribute much to the overall transport
of bed materials inside the Bay because of their limited duration.

Wave-induced currents

As discussed previously, wave-induced currents can be separated into mass
transport currents and longshore currents. Outside the surf zone the general
mass transport velocities are on the order of only 1 cm/sec or so. Because the
mass transport is related to rather weak nonlinear interactions between the
waves and the bottom, it is not possible for these currents to become much
larger than about 3 percent of the orbital velocities. Inside the surf zone,
which extends only to depths equal to about the incident wave height (typically
only 50 to 100 m from the coast, except during storms), the currents usually
range from 10-40 cm/sec. However, during storms the spatial extent of the
surf zone may extend as much as a kilometer (kin) off the coast, and the
velocities can reach 100-200 cm/sec. Hence, inside the surf zone, the wave-
driven (longshore) currents can be seen to be the dominant mechanism for
transporting materials; whereas, beyond the surf zone, mean wave-driven
currents can typically be neglected.
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Astronomical tides

Tidal currents vary in magnitude and direction during each tidal phase.
Near inlets and other constricted passes between large embayments and the
open ocean, tidally-driven currents can attain high velocities, on the order of
300-500 cm/sec, in extreme cases. More typical speeds in such constrictions
range from 20-50 cm/sec as seen in Figure 6. In the offshore area, tidally-
driven near-bottom speeds tend to be considerably lower than in constricted
flow regions, typically only about 5-15 cm/sec in the Mobile Bay region.
Figure 9 shows that the diurnal tidal velocities on the Alabama shelf are in
this range.

Wind-driven currents

As shown by Pickett and Burns (1988) in Figure 10, several current
measurements have been taken in an area about 75 km east of our primary
region of interest. Because the bottom materials are roughly comparable and
the offshore slopes are similar, the currents in the Mobile Bay offshore area
should respond similarly to currents depicted in these measurements. Pickett
and Burns (1988) concluded that the primary offshore currents were, in fact,
driven by wind forcing (roughly accounting for 90 percent or more of the total
currents). Figure 11 from their study shows that these currents can attain
speeds in the 30-60-cm/sec range. Consequently, these currents should play
an important role in transporting suspended materials in offshore areas in
depths out to about 30 m or so (about 10-20 miles offshore).

Large-scale circulation patterns

As previously seen in Figure 8, large-scale currents in the Gulf of Mexico
contain regions where average speeds are greater than 50 cm/sec. However,
in the Mobile Bay area, the speed of the net circulation is less than 5 cm/sec.
Thus, for the Alabama coastal region large-scale thermal circulation can likely
be neglected.

Dominant Processes in the Mobile Bay Region

An analysis of process scales in the Mobile Bay area suggests that direct
wind forcing is the dominant open-coast process which generates near-bottom
mean currents. Inside a small region adjacent to the coast, waves are
expected to become the dominant process; while in inlets and passes, tides
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Figure 10. Six current meter sites south of Pensacola, Florida. Arrays A, F, and B, E,
were at the same location but were deployed at different times. Site water
depths ranged from 20 to 24 m. Two current meters (9 m below the
surface, and 4 m above the bottom) were deployed at each site; one
additional current meter was deployed 1 m above the bottom at Array E
(Pickett and Burns 1988)

play a major role in determining the fate of materials injected into the water
column.

Since winds generate both waves and currents, it is instructive to separate
the responses to these two processes to various wind forcing. Surface waves
are generated approximately along the same direction as the wind.
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There can be some deviation, maybe even up to 30 deg, but this difference
between the wind and waves persists only for limited times (a few hours)
following frontal passages or in very oblique fetch geometries. Hence, winds
blowing away from the coast generate waves that propagate away from the
coast. The resulting waves at the coast should be negligible from such a local
wind system, but swell waves (i.e., waves that were generated in another area
and have passed out of their region of generation) may still be coming into the
coast. Consequently, a storm with onshore winds will tend to generate high-
speed longshore currents whose directions strongly correlate with the wind's
longshore component; and storms with offshore winds will, at their strongest,
tend to generate only weak longshore currents. In contrast to the situation
with waves, direct wind-driven currents exhibit symmetric and almost equal
velocity response to wind forcing in the onshore and offshore directions.
Approximate functional relationships for wave-induced longshore currents
V.,, (see Appendix F) and wind-driven currents V, can be written as

ves = UP 41 (0) (1)

v,, c Uq ý2 (0) (2)

where

Vwav• = speed of longshore flow outside the surf zone that is driven by
the waves

Vwins -= speed of longshore flow driven directly by the winds

U = windspeed

p = exponent dependent on sea state, but close to 2 for fully devel-
oped waves

q = exponent approximately equal to 1

41 = coefficient of proportionality that is a function of wind angle as
given in Figure 12

42 = coefficient of proportionality that is also a function of wind
angle as given in Figure 12

0 = angle between wind vector and shore normal. A positive
90 deg indicating wind blowing along the shore in the direction
of the positive current, i.e., toward the east in this study.

The basis of these relationships is given in Appendix E. For simple
parametric estimates of wind-driven currents, the following relation is more
useful:
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v =,• = 0.038 U 42' (0) (3)

where
wher = 0, 14 + coS2 (0 - y/2)

1.14

The speed of the wind-driven current given by Equation 3 is in the same units
as the wind speed because 42' is dimensionless. The variation in +2' with
wind direction is also shown in Figure 12.

* 1- *2- 2 ..

1.00- - ,%

I, \ I .\ \s

0
S0.75- -

z
uI \ p

IL
0.50- -4--U -. ,1 1. | - t..

LU

90.25- 0i

0 4--

-180 -135 -90 -45 0 45 90 135 180

ANGLE (DEGREES)

Figure 12. Functional behavior of *,, +2, and 02'
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3 Quantification of Processes
During Specific Release
Episodes in Mobile Bay

As pointed out in the previous section, three of the possible six forcing
functions tend to dominate the near-bottom currents in the Mobile Bay area-
tides, waves, and winds. Because Figure 6 already contains a reasonable
synthesis of the tidal velocities in our region of interest, there is no real need
to perform any additional modelling for these currents. On the other hand,
there is little available information on waves and wind-driven currents during
the release periods. Long-term prototype data collection is under way at this
site, but only short-term results are presently available. Hence, both a wind-
driven current model and a wave model will be exercised to obtain some
quantitative estimates of these processes during the two-year interval of
interest. To explain recovery patterns for the release episodes shown in
Table 2, the waves and currents were hindcasted for the period from March
1987 to October 1989.

Wind Estimates

It is beyond the scope of this study to construct careful wind fields over the
entire Gulf of Mexico for a two-year interval. However, because of the
absence of a major source for frequent swell inside the Gulf of Mexico, most
of the waves are locally generated. The wind-generated currents are also a
"local" process, so a parametric wind field based only on transformations of
coastal land-station winds should suffice. The parameterization is consistent
with the methodology developed by Resio and Vincent (1977) and was used in
a study for the Navy to estimate winds that drove predictive current models
for a similar area of the Gulf with good results (Pickett and Burns 1988).
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Table 2

Sand Island SBD Release Episodes

Relemse Epeiode Number Released Date of Release

1 300 3 Mar 1987

2 300 19 Mar'1987

3 300 31 Mar 1987

4 300 15 Apr 1987

5 300 5 May 1987

6 300 11 & 17 Aug 1987

7 300 20 Aug 1987

8 300 1 Dec 1987

9 300 7 Jan 1988

10 300 25 Feb 1988

11 300 14 Apr 1988

12 300 26 May 1988

13 300 2 Aug 1988

14 300 14 Sep 1988

15 300 20 Oct 1988

16 300 20 Jan 1989

17 300 20 Mar 1989

18 300 7 May 1989

19 300 6 Jun 1989

Wave Estimates

To convert wind estimates into waves, the time interval from March 3,
1987, to May 31, 1989, was hindcasted using Offshore and Coastal Technolo-
gies (OCTI's) WAVAD model. This model is a second-generation, discrete-
spectral wave model. Its foundations can be found in Resio (1981, 1982) and
Resio and Perrie (1989). Wave data were not available for a careful calibra-
tion of the wave model; however, recent tests of WAVAD (Khandekar 1990)
show that this model is capable of reproducing wave conditions quite well.
Appendix C contains the time series of the wave conditions hindcast for the
location shown in Figure 13.
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Current Estimates

Mhe current model used for predictions of the neaslxxe currents was origi-
nally calibrated for the Gulf Coast area using current mea==rements fim the
study by Pickett and Burms (1988). Figure 14 shows a typical calibration
result which suggests that this simple model is capable of pnrovding a good
represeuitaon of near-bottom current in this region of the Gulf of Mexico.
Appendix D contains the hhzucast currents for the time interval from March 3,
1987, to May 31, 1989, for the site shown in Figure 13.
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Figure 14. Comparison of measured and predicted current speeds for March 22-25, 1987,

in depth of 16 m at Site B (shown in Figure 10)
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4 Analysis of SBD Data

General Recovery Patterns Observed

Figure 15 gives the locations of the SBD release sites and three dredged
material berms whose long-term fate is being monitored by the Corps (Hands
1992). Figures 16 and 17 show the broad-scale recovery patterns observed.
In these figures, histograms of recoveries are plotted as a function of distance
along the coast (i.e., number of recoveries within one-mile segments along the
coast). Recoveries behind the open coast are plotted in one of two cells that
coincide with the inlet through which the SBD probably entered (Hands and
Bradley 1990). Figure 16 shows the recoveries stratified on the basis of
release period and Figure 17 the recoveries stratified on the basis of release
site.

The information in Figure 16 suggests that there can be considerable varia-
tion in recovery patterns through time. Most of the recoveries occur at loca-
tions directly onshore or west of the release sites; however, SBD's from the
March 31, 1987 release and the April 15, 1987 release indicate that this
pattern can reverse itself. Given the synoptic-scale variability of winds in this
area, which we believe to be the major forcing function in this area, it is not
surprising to see this type of variation in recovery patterns.

The information in Figure 17 suggests that the influence of the release site
can be reduced to two internally homogeneous areas-an inner area encom-
passing release sites 1 through 4 and an outer area including sites 5 and 6. It
appears that there is a tendency for the outer area to be less affected by the
tidal flow into and out of Mobile Bay and, thus, to show up in less quantity
inside Mobile Bay and in the Pelican Point and Mobile Point areas. This
tendency is consistent with the diminishing role of tidal currents away from
the entrance to Mobile Bay. Once into the general alongshore flow pattern,
any other differences among the release sites are relatively small.

On each release episode except the first two (March 3 and 19, 1987) pairs
of differently weighted SBD's were released simultaneously at each site. The
lighter SBD's should have moved more readily when current speeds were low.
If lifted off the bottom, the light type SBD would have had a slower settling
velocity. Because the effect of varying SBD weights is the subject of
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Figure 16. SBD recoveries by release periods. The highest concentration of recoveries
were aligned with either the eastern or western ends of the Sand/Pelican
Ridge, except after the passage of a strong cold front coinciding with the
third release; in contrast, far-west recoveries rose considerably in the winter
(Hands and Bradley 1990)
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Figure 17. Distrbutons of SSD's from six different release sites are suqrisingly similar;
recoveries from the outer two sites are slightly bwer i numbfer and less focused
(Hands and Bradley 1990)

a separate on-going study and the weights did not change after March 31.
1987, nor among the six sites (or in any other stratification employed here) no
further distinction winl be made between drifter weights in this report.

Interpreting the Percentage of SBD's Returned

In studies from around the world, the typical percent of SBD's retuned has
varied from 2 to 80 percent (Table 1). Figures 16 and 17 indicate that 15 to
20 percent of the SBD's rleased were typically recovered from the Alabama
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releases. By stratifying the recoveries into neafshow and offshore mnas, it is
possible to deduce that, of all of the SBD's returned, about 70 percent were
recovered from on or near the shoreline. This observation leads one to ques-

tio what mechanism is responsible for the smaller number returned from the
offshore area by fisherme. Three possibilities appear to exist. First, if the
SBD's drifted away from the coast into deep water, their chance of recovery
would be small. Second, if they remained at about the same distance offshore
as their release sites and the chance of recovery in this zone were small, their

overall chance of recovery would be small. Third, if only a small proportion
of the total actually recovered offshore were returned, the percentage of recog-
nized recoveries would be low. After meeigs with several state and federal
officials in the Mobile Bay area and with some of the fishermen and
"shrimpers" that work in this area, it seems likely that the percentage of SBD's
returned from offshore is only a small fraction of those actually recovered in
the nets of large offshore shrimp boats. Hence, it camnt be assumed that the
natural currents move the 80 to 85 percent of the SBD's not returned into deep
water or other locations where return was unlikely.

Roles of Random and Deterministic Forcing
Functions

One of the most important questions concerning SBD recoveries is "How
can one extract useful information from only a knowledge of the two endpoints
and the elapsed time between release and recovery?" In attempting to answer
this question, it is useful to separate the motions into deterministic and random
components. The advantage of this distinction is apparent when the
Lagrangian nature of the SBD paths is considered. A small pertubation in the
position of an element of near-bottom water can lead to an ever-increasing
separation from another element of near-bottom water which was not subjected
to the same small perturbation. It should be noted here that these small-scale
processes, which show up as randomness in the motions of the SBD's, play an
important role in dispersion and the mixing processes in coastal and offshore
areas. Thus, these random variations should not be simply neglected but must
be filtered out, quantified, and added onto the deterministic signal when esti-
mating the fate of materials in this environment. Some of the more important
contributors to these small-scale motions are irregular wave motions, horizontal
eddies in the flow field, temporary meandering currents, and rip currents in the
surf zone.

If a "lump" of materials were injected into a single small region in a
numerical model of currents, the materials would tend to remain rather tightly
distributed in space since only the larger-scale motions are actually resolved in
these models. The presence of smaller-scale perturbations must be handled via
some sort of "artificial dispersion." Consequently, the resolution of the magni-
tude of this random dispersion could well be as important as the resolution of
the deterministic component of motion in some instances. In fact, there is no
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a plo W4asM to expect that the SBD returin will definitely contain a
aumflale deterministic signal.

Before an analysis of the total data set is begun, it must be realized that
many processes In nature can be obscured if they at not analyzed on the
proper sale or within certain physical limlts. In the cae of the SBD data in
the Mobile Bay area, based on our analyses of the forng functions mad scales
of moio at least three geographic regions can be envisioned wher differUnt
proceses might be expecad to dominate:

a. The interlor of Mobile Bay.

b. The entrance to Mobile Bay.

c. The open-coast icgion

One importn reason for stratifying the recoveres into these three regions, as
will be seen subsequently, is that the analyses of processes in the interior of
and entrance to Mobile Bay are both two-dimensional; whereas, the analysis of
extended motions along the coast is fundamently one-dimensional. This
distinction is related to die scales of the motions as well as to differences in
the relative "isotropy" of the motions in these areas (ie., recovery position in
the interior mad entrance RegionM to Mobile Bay an not as constrained to a
single east-west coordinate as are recoveries along the coast).

Inside Mobile Bay, the motions and resulting recovery patterns are expected
to relate more to small-scale features such as tidal channels, shoal areas, and
other such bathymetric features, as well as to recoveries by fishermen (com-
mercial MAd recreational) and "shrimpers" inside the Bay. If all SBD recov-
eries inside a geographic region defined by state plane coordinates 200,000 to
400,000 east and greater than 93A00 north are examined, the picture of recov-
eries is fairly random over the western portion of the Bay (Figure 18). There
were fewer returns from anywhere in the eastern put of the Bay except along
a specific section of shore. Tliese within-Bay patterns reflect returns from a
highly developed residential section along the eastern shore and from the pre-
ferted shrimpinq areas for small boats launched primarily from the western
half of the Bay.1

In contrast, returns from a region around the mouth of Mobile Bay (from
state plane coordinates 300,000 to 340,000 east and 75,000 to 93,000 north,
Figure 19) show remarkable concentrations along certain sections of the shore
that probably reflect the strong influence of wave action and tidal flows with
weak effects from wind-dven cunents and relatively minor effects due to
visitation differences.

I puca Comw micgo Deember 19942 Mr. Chinm Coller. fiaennmn ad employee at

the U.S. •ood nd Drug Adaobnia 's Gulf Cone Seafood Labocwy. Dauphin Iland, AL
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Figure 18. Recovery locations in Mobil Bay Interior

Hf the samples from the entranc and interior of Mobile Bay are not strati-
fied from the rest of our sample of SED recoveries, the response of the SBD's
to the wind forcing could be obscured. Given that some of the SBD's would
get trapped inside this entrance and interior system of flows, they would not
resipond to the win~d-rven currents by Iongshore displacement. Late recover-
ies in areas far removed from where the wind-driven currents had promptly
taken the rest of the SBD's would also distort the direct wind effect. This dis-
toitlon would show up as an increased component of randomness in the appar-
ent motions of the SBD's.
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Figure 19. Recovery locations in Mobile Bay entrance regions

Table 3 gives the number of recovedes from the Bay mouth region and the
interior region for each of the 19 release peiods. Because a constant number
of SBD's (300) were rleased each time, these numbers can be translated
diectly into percentages. This, the likelihood of being caught inside the Bay-
eonmnce-Interio" system of flows seems quite variable. It would seem logical
to expect that these differences in recoveries might relat to the phase of the
tide at the time of release, with rleases on flood stages being swept into the
enummce-interor region more often than releases on an ebb stage. However, as
shown in Figure 20, releases I through 6 were all made during roughly equiva-
lent flood stages, and yet large vaations in recoveries inside the entrance-
intedor region still exist (Hands and Bradley 1990). Possibly, it is a combina-
dion of the relative magnitudes of the wind forcing and tidal forcing over the
first couple of days that detenrines the rate of "trapping" inside the entrance-
inteor region; however, the data re insufficient at present to examine this
hypothesis.

As mentioned previously, unlike motions in the interior and entrance por-
tions of Mobile Bay, moions along the open coast reflect a dominant along-
shore componenL Given the uncertainties in numbers and locations of
shrimpens and the problem of actual recovery versus returns from offshore
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Table 3
Number of S9D Rmoverem_

It 1084' a"e~ kNow Real= owqi WNW l MOS IMe TOWd

1 40 3 43

2 44 2 46

3 7 7 14

4 10 5 15

5 15 5 20

6 10 6 16

7 3 0 3

* 23 2 25

9 27 4 31

10 21 3 24

11 10 3 13

12 18 3 21

13 14 2 16

14 •43 10 53

Is 43 5 46

is 14 4 18
17 34 1 38

Is 13 0 13

19 0 44

regions, it does not appea promising to undertake an analysis of the "cross-
shore" distribution of recoveries. Consequently, the analysis at the open-coast
scale will consider only the alongshore component of motion. Thus, the analy-
sis of recoveries will be reduced to essentially one dimension. This allows any
other independent variable (such as time) to be taken as a second dimension
for plotting purposes. For the sake of simplicity of analysis and non,
time will be taken as the independent variable; the east-west coordinate of the
recovery will be the dependent or response variable. This simplification is
equivalent to projecting all of the recoveries onto a single east-west line with-
out regard to the angle of the coast or the distance from the coast that the
recovery was made. In this study such a projection still contains most of the
information because most of the recovery aream once Mobile Bay is excluded,
closely resembles a simple east-west shoreline (Figure 13).

In order to achieve a reasonable separation of the deterministic and random
components of motion, a sufficient density of recoveries through time is
needed to be able to define a broad-scale recovery function with some level of
confidence. As indicated in Figure 21, the number of recoveries per day for
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Figure 20. Tides and SBD elapse time: the spring to neap tidal cycle has no
clear effect on the time of SBD recovery; the only indication of a
visitation bias is a slight increase in recoveries after Memorial
Day weekend; even if real, this effect would be too small to
have any bearing on the overall patterns of interest in this study

(Continued)
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Figure 20. (Concluded)
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the emire sample of SBD's tends to drop off somewhat after 15 days. CQme-
qutMly, random and deterministic motions will be separaed using ncoveries
only from the figt 15 days following ach rlease. For the pumrpose of this
lnveMl�mga, a fourth-order polynomial was selected to repesent the "smooth"
(Le., dmmnsdtic) componet of these recoveries. Hamm a wation of
the detamistisc ngmomre position function is

x(t)NO ao + Alt + A`t + a 3at3 + a/ (4)

when

t - time (in any units) after herelease

a0 , al A2, a3, and a4 = regression coefficients

'The parameters a0, a1, a2, %3, and a4 are computed by a matrix "best-fit"
algorithm for each separate release using the 15-day recoveries. Figures 22
and 23 show typical deterministic n n plotted with the recoveries as a
fumcon of time. Appendix E contains plots of all of the smoothed crives
obtained in this fashion, along with the recovery data. As observed i Appen-
dix E, the fowth-order polynomial fit seems to provide a good approximation
in every cae to what an individual might draw as a smooth "best-fit" function.

Several measures can be used to quantify the relative magnitudes of the
detetninistic and random component of motion. The root-mean-square (rms)
deviation around the deterministic signal,

Il,- n ý(t - x (5)

Li-

where

Ox = mIMs measure of the deviation

xi = location of the iP` recovery

n = number of SBD recoveries in the analysis period

will be taken as a measmre of the random component of displacemeM. The
rms deviation of the X(t) function,

lux*0 [1A j () _ OJ (6)
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wher

x- a -location of the release site

will be taken as the mewasre of the deterministic component. Then a simple

measure of the relative magnitudes of the two components is

rinG4 ., (7)
Ox

Alternatively, the correlation coefficient, p , (take heme as the standard nor-
malzed biner product form) can represent the degree of agreement between the
actual longuhore displacmnt and deterministic function X(t).

Mhe central tendency of the deterministic position function can be evaluated
by Integrating the function over a time interval or by averaging the functional
values; evaluated for each recovery during that period of Interest. Looking at
the first 15 days after release, a mean displacement was calculated hum each
episode as

.1 XQ5i) (8)

where

na number of recoveries during the first 15 days

tj- elapsed time for the ith recovery

Tab" 4 presents Inlbrmation on all releases mn which more tha 10 recov-
cries were made in the first 15 days. A study of this table reveals that a rela-
tionsbip between the magnitudes of the mean displaceent and the random
component appeai to exist. Figure 24 presents a crossplot of the relationship
between the absolute value of the mean displacement and the random compo-
nerit. An estimate of the magnitude of the random component could be made
usn regression analysis

a. - c1 2 Z(r (9)

wheom

cl- a best-ft coefficient

2= a best-fit coefficient
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Eable 4
tatistics of Recoveries in Open-Coast Region (First 15 Days)

a,, Episod. n __r X tsio

1 18 0.85 1.6 0.0 1.1

2 21 0.55 0.8 0.8 2.8

3 46 0.20 2.5 -15.8 7.6

4 11 0.81 3.2 -:4.3 8.2

6 14 0.74 2.2 11.1 7.7

10 19 0.34 3.4 - 5.9 2.3

11 23 0.98 10.6 -18.0 3.1

12 18 0.72 1.8 3.8 2.9

13 13 0.99 5.4 11.2 0.4

14 28 0.61 5.1 1.3 0.4

15 40 0.47 1.0 1.6 3.2

17 29 0.58 1.1 2.1 7.8

18 84 0.60 1.9 -36.1 22.2

19 74 0.42 2.2 17.2 14.3

Key:
n = number of recoveries in first 15 days
p = correlation coefficient between the deterministic function, X(tI, and the actual

data
r = ratio of deterministic to random signals
Xt15 = mean displacement, miles

ox = rms of random signal, miles

Another facet of Table 4 that is interesting is the apparent relationship
between the ratio of the magnitudes of the deterministic and random compo-
nents of motion, r, and the mean displacement Xt5 15 . This relationship
expresses a tendency for the relative importance of smaller-scale motions to
diminish when strong net transport occurs over the whole study area.
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5 Comparison of SBD
Patterns to Physical
Processes

Mobile Bay Data Set

The patterns of the "deterministic" function (shown in Appendix E) indicate
that there are distinct differences among the processes affecting the SBD's
during the intervals following different releases. An examination of weather
maps for the periods following each release shows that the synoptic weather
patterns are highly variable, with the major wind forcing linked to the passage
of warm and cold fronts. Two strong frontal passages were identified in this
review, one following Release 2 and the other following Release 3. Recall
that Release 3 resulted in the unusual eastward movement of SBD's shown in
Figure 16. f daily weather maps (OOOOZ maptimes) for the 15 days following
Release 2 (March 19, 1987) are compared with weather maps for the 15 days
following Release 3 (March 31, 1987), the alongshor component of wind in
the latter case will be markedly affected by a cold front passing through the
release aea an March 31 and another on April 3. In contrast, the overall
winds were quite small following Release 2 even when a weak cold front
passed through on March 25. The reversal of flow back to the east may have
been a response to the strong west winds following the March 31 frontal pas-
sage, and thus would be more likely to occur again during the winter when
such fronts are most common.

In order to investigate the relative roles of wind-driven currents and waves,
it is advantageous to be able to obtain parneterized estimates of the potential
strength of these two processes and to compare these estimates to dhe observed
recovery patterns. Because the scale of the recoveries is on the order of days
and there is not much information on the exact SBD paths, some sort of time
averaging is helpful. Appendix F contains a set of categorized plots for all
releases. In these plots, wave and current processes are categorized as indi-
cated in Table 5 for three successive 5-day intervals after each release date.
From this data presentation, a definite picture of the relationship between the
forcing processes and the SBD response begins to emerge.
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Mntlon of Wind and Wave (5-Day Categories)
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Because of the high degree of variability in our system (in part due to the
Lagrangian nature of the SBD recoveries and to the importance of subscale
processes influencing the total path) and the parameterization of the processes,
methods for calculating relationships between continuous variables are not
well suited to analysis of these results. On the other hand, a contingency table
analysis is an excellent tool to clarify the interrelationship between estimated
wind and wave forcings and the SBD responses. Consequently, contingency
tables will be used here in place of correlation coefficients, rms errors, biases,
or other such measures to investigate the statistical strength of the relationship
of SBD displacement to winds and waves. Tables 6 and 7 present contingency
tables constructed from the joint occurrences of observed and predicted catego-
rized motions using the definitions given below:

a. Observed variations of X(t) were categorized into 5-day values of -1,
0, and +1 depending on the maximum deviation between the X(t) in
that 5-day period and the previous 5-day period. If the maximum devi-
ation was greater than 10 miles and with the later value westward of
the earlier value (i.e. the motion is westward), the value was taken as
-1. If the maximum deviation was greater than 10 miles toward the
east, the value was taken as +1; if the maximum deviation was less
than 10 miles, the value was taken as 0.

b. If the parameterized 5-day value for wind-driven currents was 0, the
contingency table classification became 0. If the wind category was
greater than 0 (i.e., a 1 or a 2 value from our categorization shown in
Table 5), it was assigned a value of -1 if the predicted displacement
was toward the west and +1 if the predicted displacement was toward
the east.
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TaOW 6
CUITingenCy Table for AN Release Eplsodes for Wind-Drven
Currents

ftedftdoftey 9Tool

To W -1 3 2 0 5

0 2 33 0 35

To E 1 0 4 10 14

wmkmd ToldI 6 39 10

Table 7
Contingency Table for All Release Episodes for Wave-Driven
Curret_

PhodkuS Caftoy -9 1 MvImai
ToMl

To W -1 6 1 4 25

0 1 20 4 25

ToE 1 0 0 4 4

MWMg Tolld 7 36 12

c. If the auaneerized 5-day value for waves is 0, its contingency value
was taken as 0. If it was grea4r than 0, its value became -1 if the
predicted motion was toward the west and +1 if the predicted motion
was toward the east.

Tables 6 and 7 help to summarize the degree of agreement between these
p me red pcesses and dte SBD mresnse. As can be seen in Table 6,
there is good agreement between the categorized wind-driven currents and the
SBD rsmponses, as evidenced by the prevalence of occurrences along the diag-
onaL On the other hand, the wave processes predict wave transports toward
the west much more often than the SBD's actually moved to the west.

A second pattern that emerges from the plots of the data in Appendix F is
the relatively large number of apparent outlier that end up far to the west of
the release sites, even when the wind-current forcing does not seem to support
such movement. One possible interpretation of ths pattern is tat a secondary
circulation pattern inside and along the Mississippi Sound region may operate
predominantly from east to west.
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An daenmte explanation for the extreme western recoveries dia were not
wind4elated is tha SBDS could have moved westward under the influence of
wavedven currents yet not have been credited to that cafetgoy becase those
SBD5 did not move maffictleny shorewaid to the beach where my further
movement would have been interrupted d the chmce of recovery would have
increaed- Upon Completion of th continuing release episodes, reanalysis of
the ualytic data may resolve this question of relative wind and wave effects.
For now. tis example ilustrates th methdolo and the usefulness of para-
metuzng, sometimes opposin trauspod fiuntions am d appraising their joit
influence via contingency tables.

General Interpretation of SBD Results

From an analysis of the potential driving mechanisms for SBD motions, it
appears likely that in ope-coast areas direct wind and secondary wave forcing
are the dominant factors to consider in the inltepretation of SBD recovery
pattems. Ne inlets, tidal currents are important. In areas immediately adja-
cent to large partially-mixed or mixed estuaries, two-layer flow systms may
become dominant as seen in the study by Pape and Garvine (1982). However,
inside the Gulf of Mexico and major coastal sections of the Adantc and
Pacific seaboard, the inner shelf circulation will most likely respond primarily
to direct wind forcing in the region from the shore out to depths of 40 m or
so. Beyond these depths, additional effects such as large-scale circulations and
layered flow regimes can become dominant. It is, however, in coastal water
that sediment transport, the fate of dredged materials, and the dispersal of
dissolved pollutants are of major concern. Because Interst is often properly
focused on coastal waters, the importance of the offcoast considertio may.
in faM be minimaL

Alter an examination iss ide of how te results of various analysis proce-
due apply to the Alabama Coast, the procedures should be tested on data
from other sites. Hands (1987) discusses a series of SBD releases made along
the North Carolina coast near the US. Army Coastal Engineering Research
Center's (CERC) Field Research Facility. Repeated releases were made from
two newashore sites on each of four days. The SBD's from releases made on
the first three days promptly came ashore a little north of their respective
release sites (Hands 1987). About 80 percent consistently appeared ashore
about 6 hr after their releases in depths of 8 m. On the morning of the fourth
release, just as these SBD's began to appear n the beach, a "northeaster' with
winds in the mnp of 25 to 30 knots began affecting the study area. During
the next six days, winds remained primarily out of the northeast. From the
analysis of wind-driven currents presented earlier and consistent with Murray's
(1975) analytical model, the near-bottom currents during this period should
have been approximalely alongshore, with a small component in the offshore
direction. Hence, few SBD's should have been forced to the shore, indepen-
dent of the wave couditions. This inference is consistent with tie actual obser-
vations by Hands (1987) who repoed "as tie wind veered to the northeast,
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the SBD's abruptly stopped coming whore." In fact, over the next 48 hr (in
which the winds rmained strong from the notheast), he wrote "in spite of
vigilant searches..., no more drifters were recovered." From this information
and the fact tha during the previous period of seawani-directed winds the
SBD's from repeated releases drifted ashore after brief and consistent transit
times and in high percentages, it appears that the local winds play a important
role in determining whether or not SBD's return t shore. Thus. the cros-
shore component of the wind significantly impacts the probabiity of recovery.

Next, details of the Duck data set are examined to see if the observed long-
shore SBD displacements are reasonably consistent with the simple parametric
wind-driven curnt model. Figure 7 gives a graphical presentation of this
pt In the Duck data set, the first recoveries following onset of
the northeaster (September 11) occurred during the period of September 20
to 23. Over the intervening 9 to 13 days, the winds averaged about 6.5r m/sec.
The angle of the wind to the coastline was about 70 deg during this time.
Figure 7 suggests a mean current of approximately 15 cm/sec. Of course, the
currents would have been much higher during the short September 11 to 13
interval. Ten days of drifting at an average 15 ca/sec would place the SBD's
about 130 km south of the release site. Because recoveries occurred from
55 to 103 kin to the south, the 130-km estimate agrees well with the observed
displacements. In fact, given the large number of subscale effects and the
unknown elapsed time between beaching and recovery, the timing of actual
SBD recoveries is probably as good a confirmation as could be expected even
if the parameterization of tie currents had been perfecL

lie examination of this ancillary data set shows that the methodology
developed for the Mobile Bay area can be generalized to other comparable
open-coast areas. Because the theoretical basis for the parametric wind-forcing
estimates given here is appropriate for near4bto water elements, it can be
reasonably assumed that neady neutrally buoyant SBD's respond to wind forc-
ing in a fashion similar to elements of water in the near-bottom water column.
This assumption is excellent if a study is seeking to gain information on the
general water circulation or on materials which should move in suspension
(pollutants, contaminants, etc.). However, it means that as presently config-
ured, SBD's probably do not provide direct evidence on the fate of materials
that move along, or only infrequently off, the bottom (dredged, bypassed, or
beach-fill material, coarse natural sediments, etc.). As might be inferred from
the treatment of differences between forces acting on the SBD's and a sand
particle in Chapter 3, a redesign of the SBD's, reducing the large plastic cap or
increasing the resistance to displacement, might be good starting points to
begin making the SBD's become more direct predictors of bottom materials.

Given the results of all of the theoretical and empirical analyses, several
general conclusions regarding the interpretation of SBD recoveries may be
drawn.

a. In their present design, SBD's apparently respond in a manner consis-

tent with the motions of near-bottom water. Any inferences as to
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wrlaed motiom of boom mediments or materials plaed on the bottom
must be cuefy comidered uid tested befom they should be accepted.

b. In the inseqretation of SBD mtionsa it is helpful to analyze all poten-
tial driving motions, pen'rm a scale analysis, and eamre tha any miner-
Ptatla Of recovery patterns is consistent with these: physical
processes. This methodology will allow the separation of different
scales of motiou and resulting proems that should suggest appropite
approaches (sample stratfication, temporal .moofth etc.) for analyz-
ing the recovery da.

C. In open-coast areas outside the breaker zone, the single most dominant
process influencing modans of conventionally ballasted SBD's usually

m to be the wind-driven currents. A simple prameutric approach to
estimating near-oast currents can be valuable in interpreting the
expected scale of motims due to this process and hence can aid in
experimental design and overall SBD deployment considerations.

d Imide the breaker zone, wave forcing becomes the dominant process.
Wave-driven longshoe currents in the surf zone should control many
impotant convergnce and divergence aspects of material fluxes.
Areas of convervgei should coincide with deposition of materials (i.e.,
a local -cncentratio of SBD returns as on Pelican and Mobile Points).
Areas of divegenmce should ýe reflected by a lower oncentration of
SBD returns (as seen along the shoreline embayment in the lee of Sand
Island). However, the scale of the wave-driven motions affecting the
SBD recovery patterns inside the breaker zone should only be consid-
ered a a process with a scale of tenths of miles or at mos miles, not
10's of miles as is the case of direct wind-driven currnt.

e. Near mouths of inlets, embayments, estuaries, and rivers the tides and
riverflows can become a dominant process and should be considered in
i I SBD recovery patterns.
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6 Conclusions and
Recommendations

Conclusions

The following conclusions are made:

a. Attempts to interpret SBD patterns should begin with an analysis of
the physical processes in the area of interest. Evaluation of the
dominant processes will help develop the appropriate analysis for
each situation.

b. In open-coast areas, wind-driven currents are usually the primary forc-
ing process for SBD's. Because winds in coastal areas vary as a result
of mesoscale effects (sea-breezeAand-breeze, etc.) and synoptic-scale
effects (storms, fronts, etc.). the response of SBD's can be variable,
depending on the conditions prevailing during the period following their
release. Consequently, care should be taken to accumulate data from as
many releases as feasible. The number necessary will increase with the
variability of the driving forces, the scales and periods of interest, and
the purpose of the study. The recovery pattern from a single release
should be interpreted as a single, possibly representative case. A more
typical study would include a dozen or more release episodes covering
different conditions throughout the year. In areas where winds are
variable (almost every coastal area), the climatology of all patterns from
many returns should be considered in interpreting the climatology of
circulation patterns. In areas such as the Mobile Bay region and North
Carolina coast, the expected transports during a given synoptic event
(such as a frontal passage or stori) can produce motions on the scale
of 100 km in a time span of only two to three days.

c. The probability that a SBD will be found can vary with the location
and time of year when it reaches shore. The chance that a recovered
drifter will be returned can also depend on who finds it, when, and
where. These site-sensitive uncertainties should be considered when
interpreting the recovery patterns. For recoveries within Mobile Bay.
the returns reflect differences in shrimping by numerous small boats.
For offshore recoveries, the likelihood of recovered SBDs being
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returned appears to have been diminished if the SBDs were recovered
by commercial fishermen and shrimpers in the course of their trawling
activities.

it Information from SBD recoveres contasn both deterministic and rai-
dam components. Normally, information is only available on the start-
ing point, end point, and elapsed time, so caution should be taken in
attempting to explain every recovery site in terms of a single determin-
istic process. The relative importance of random and detenninistic
comrpnents varies greatly among different release episodes. Sometimes
SBD's can be recovered tens of miles apart on the same day following
their release at the same time from the same location. Usually, this
divergence should be interpreted as indicating the existence of impor-
tant random motions or a secondary circulation pattern (such as possi-
bly occurs in the western portion of the Mobile Bay study area). At
other times, when there is a strong uniform response. the deterministic
component predominates.

e. Combining SBDs with current meter measurements and modelling
provides more complete and useful documenttion of large-scale current
patterns than possible using either method alone. Consideration should
be given to pilot SBD releases that would establish likely number of
returns and indicate the spatial variability before selecting the number
and location for instrument measurements. Because of their relatively
low cost, SBD drifter releases can not only cover a wider area but also
continue over a longer period than usually feasible using other methods.

f. Data from SBD recoveries can provide valuable information on the
potential motions of suspended materials in near-bottom waters. Such
information could be vital to improved understanding of the fate of
materials released at outfalls, with toxic wastes, spills of hazardous
materials, medical wastes, and any other such material that might
become suspended in the water column. Some of this information
needs to be recognized in terms of its dependence on seasonal and
synoptic weather patterns and then could be used to minimize potential
environmental hazards by improved scheduling of outfall flows, off-
shore operations related to oil and gas production, shipping, and any
other such potentially hazardous offshore activities.

Recommendations for Future Work

Because of the potential value of SBD data, the following recommendations
are made:

a. SBD experiments should be conducted as a supplement to all ongoing
monitoring programs. Whereas in situ velocity measurements are
useful for some purposes, SBD data can provide a much more direct
source of information on the potential fate of suspended materials.
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b. A redesign of dhe SBD's should be conidered in order to allow the
SBD's to be more characteristic of bottom (infrequently suspended)
materials. Such a redesign might begin with reduction, lowering, or
removal of the plastic caps in the present design. It should be noted
that the modified SBD's might not move as far, consequently, a greater
number of SBD's per release bundle and a longer and more intensive
sampling procedure would be required.

c. Metal ferrules crimped on the ends of SBD stems overcome the buoy-
ancy of the plastic components and, in typical deployments, render the
assembled SBD's nearly neutrally buoyanL Further increasing the
ferrule weight should increase the SBD's resistance to displacement.
As a step toward increasing the usefulness of SBD's for inferring the
fate of infrequently suspended particles, laboratory investigations are
being conducted to determine the feasibility and procedure for increas-
ing the SBD's threshold for movement until it approximates that of the
material whose fate is of concern (Hands and Solitt, in preparation).

d. Successful methods to mimic threshold conditions might be followed by
investigations into the differences in velocities of the SBD's and of the
sediment particles. As this report has shown, velocity differences
should be expected and divergences in displacement will tend to
increase with the elapsed time between release and recovery. Because
scales of mixing and turbulence vary temporally, spatially, and with
changes in flow intensity in manners that are poorly known, clarifying
velocity relationships will probably require considerable laboratory and
field testing.

e. The extra effort of detailed tracking of tramitaer-atached SBD's via
sonic methods (Dickson 1976; Folger 1971; Harden Jones, Greer
Walker, and Arnold 1973) would be especially useful with the modi-
fied, more sediment-like, SBD's. Thds would increase the need for
additional refinements in sonic tracking techniques.

f. Given the potential value of SBD studies compared to their relatively
inexpensive cost, additional research should continue into future
improvements in interpretation and experimental design.

g. In sites such as the Mobile Bay area where a good data set already
exists and where long-term measurement of waves, winds, and bottom
currents is underway, releases should continue for several years in order
to begin to develop improved quantitative methods for estimating over-
all climatological wameters for the potential motions. Such informa-
tion would als- w valuable for determining the number of releases that
are required to obtain a reasonable estimate of the entire climatology.
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Appendix A
Rationale for Equations Used
to Estimate Wave-Driven
Effects

Equation 1 represents a sImplification of the combined effects of the fol-
lowing processes responsible for the generation of longshore currents in open-
coa Areas:

a. Deepwater wave generation.

b. Wave tramformations from deep water to the surf zone.

c. Transfer of momentum from the wave field into mean currents within
the surf zorn.

Locally generated deepwater wave heights depend on not only wind speed
but also stage of development. As an asymptotic, fully-developed limit, such
wave heights depend on wind speed squared (Piemon and Moskowitz 1964).1
Before this limit is reached, wave heights are controlled by either duration or
feLch. If waves am fetch limited, wave heights depend on the square root of
the fetch and on wind speed tothe first power (Hasselmuin et aL 1973). If
waves are duration limited, wave heights vary with duration to the 5/7m power
and with wind speed to the 4/3Yd power (Reslo 1981). Thus, given that storms
of similar size and dumd cis are repeated from year to year, the
deepwater wave heights, Ho , could be expected to vary as UP where p lies in
the range 1 < p < 2.

The truafonnation of wave heights from deep water into the surf zone will
depend on conservative (refraction, shoaling, diffraction) processes and
nonconservative processes (wave breaking, nonlinear wave-wave interactions,
bottom ffiction, etc.). In general, these processes cannot be represented as
simple power laws of wave height; however, as a climatological average, it can
be assumed here that neanshore wave heights tend to vary approximately
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linearly with deepwMr wave heigs. Comple calculatiMs of wave rafs-
f•omations Indicate that this umunmpiod is reasomly aumil with bUnfor-
made.. observed in nature (Resio 1987, 1988). Hence, Hb - Ho, where Hb is

the wave height at the edp of the surf zome.

The momentum flux iuo the surf zone per unit width can be appoximaed
as

Mi._ C CO(O) __H2, -_ v2 cos(S) sln(e)
c

where

c = phase speed

The rate of transfer of this momentam per unit area to currents scales as

RH- i,2 cose sine/w

where

w -surf zone width

The rate of loss of momentum per unit area is given by

• €ot - CD U 2

which will form a balance with the input when

U2 - Hb* 1(M)

Substituting this relationship into the relationships given in the two previous
paragraphs recovers Equation 1.
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Appendix B
Notation

A Cross-sectional area
Ar Cross-sectional area along the circumference of a circle with radius r
c Phae speed
cI Best-fit coefficient
c2 Best-fit coefficient
Ca Group speed
9 Acceleration due to gravity
R, Breaker height
K, This constituent, with 01, expresses the effect of the moon's eclination

and accounts for the diurnal inequality of the tides
m Beach slope
n Number of recoveries during the first 15 days, or number of samples
p E -poent dependent on sea state, but close to 2 for fully developed

waves
q Ex nent approximately equal to I
Q Volume transport rate
r Ratio of deterministic to random signals
t Thme (in any units) after the release
ti ~Eapsed time between release and the idh SBD recovery
U Windspeed
Vw, v Speed of longshore flow outside the surf zone that is driven by the

waves
Vwtais Speed of Igshore flow driven directly by the winds
7 Mean speed of the flow

w Surf zone width
Xi Projection of the id' recovery on the x-axis
xo Location of the appropriate release site on the x-axis

X tM Mean SBD displacement function
0 Angle between wind vector and shore normal with positive angles

giving a positive longshore component parallel to the x-axis
a, RMS measure of the random component of SBD displacement
ax(t) RMS measure of the deterministic component of SBD displacement
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2iRCi of pup a that is fiwnd of wind angle as givm

in Flsgu 12
Ps5"pq lfty €ocffi•i that is function of wind anl as give. in
-3

a Wave bmaker ingle
a Conlatia. coefficient
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Appendix C
Time Series of Hindcast Waves

The wave heights, periods, and directions shown in this appendix are the
result of hindcasts using fairly rough parametric wind fields. Hence, although
the wave model used has been shown to be quite accurate when driven by
accurate winds, the hindcast waves are somewhat rough. In order to improve
the accuracy when possible, all measured wave heights and periods were
blended into the hindcast data for periods in which they were available. All
wave directions ame taken fhuo the hindcast results. In these figures, wave
heights are in meten, wave periods are in seconds, and wave directions are in
degrees relative to shore normal. Positive angles indicate waves approaching
from east of shore normal.
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Appendix D
Time Series of Hindcast Wind-
Driven Currents

The cuniets in this appendix are developed from the applicaion of OC 's
parametni cummin model. Winds to drive the model are taken from local buoy
meaI nents whenever possible. In cases where n local buoy measrements
were available, winds were estimated from weather map data at land saions
and the were tramfoimed to represent over water wind speeds and directions.
The direction of current vectors are in degrees clockwise from the east shore,
so tht 90W indicates a curren heading directly onshore, and 180( indicates
currents going alongshore toward the east
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Appendix E
Representation of Smoothed
Recovery Patterns

A smoothed curve, fit to the initial SBD recoveries, is taken as a measure
of the deterministic signal from the central cloud of SBD's returned in 5-day
segments. Each release episode has been treated separately. The release dates
for each episode are in Table 2. The elapsed time, shown on the horizontal
axis, was rounded to the nearest day before the figures were plotted. The
rounding and the scale of the displacements shown on the vertical axes do not
interfere with the fitting, nor do they prevent independent visual impressions of
the '"andomness" of the observed deviations from these trends. These graphi-
cal limitations should be noted, however, because the smoothing and the scale
of the plots result in many superposed recovery points. If unrecognized, tnese
superianposed points could be interpreted as indicating fewer recovery points
than actually existed and went into the final analysis.
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Appendix F
Plots Showing Categorized
Wind-Driven and Wave-Driven
Effects

The categorized effects given in the upper left of each plot match values in
Tables 6 and 7 of the report. The arrows below the categories indicate the
direction of wind- or wave-driven motion. The elapsed time, shown on the
horizontal axis, was rounded to the nearest day before the figures were plotted.
This rounding and the scale of the displacements shown on the vertical axes do
not affect the categorization of driving forces or interfere with the impression
these figures provide of the response to the separate forces. These graphical
limitations should be noted, however, because the smoothing and scale of the
plots do esult in many superposed recovery points which, if unrecognized,
could give a false impression of fewer data points than actually went into the
analysis. The contingency table in Chapter 6 combines and summarizes the
results from all the first 19 SBD release episodes.
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